[1] This study investigates the effect of observational domain size and pixel resolution on the statistics of macrophysical properties of trade wind cumulus clouds over the tropical western Atlantic. In order to better facilitate comparison with model simulations, the results are presented as an extension of earlier work by Zhao and Di Girolamo (2007) , who have analyzed 152 Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) scenes collected between September and December 2004 to generate comprehensive statistics of cumulus clouds at the original 60 km Â 60 km domain and 15 m pixel resolution of the data. The statistics change with domain size because as the domain size becomes smaller, (1) the probability of chopping clouds by the domain boundaries into smaller clouds increases, and (2) the probability of having cloudier and clearer domains increases. In addition, degrading pixel resolution results in (1) an amalgamation of smaller clouds into larger clouds, and (2) an increase in the frequency of partially filled cloudy pixels. The mean cloud fraction in our ASTER data set increases more than fourfold, with the total number of clouds reducing 26-fold, when pixel resolution degrades from 15 m to $1 km. The cloud fraction frequency distribution becomes wider with a shift of the peak toward higher values at coarser resolution. However, at smaller domain sizes, the shift of the peak toward larger values due to pixel effects is overcompensated by the increase in frequency of smaller cloud fractions. The change in cloud size distribution is significant at domains smaller than 10 km Â 10 km. An increase in the cloud size at coarser resolution shifts the peak of the size distribution toward larger values. At 15 m resolution, 98% of clouds are distributed at distances less than 300 m, with a peak in the nearest-neighbor distance at less than 50 m at all domain sizes. The peak of the nearest-neighbor distribution becomes wider and shifts to larger distances at coarser resolution. These results clearly indicate the importance of considering scale effect when comparing cloud resolving model simulations of trade wind cumuli with observations. Citation: Dey, S., L. Di Girolamo, and G. Zhao (2008), Scale effect on statistics of the macrophysical properties of trade wind cumuli over the tropical western Atlantic during RICO,
Introduction
[2] One major objective of Global Energy and Water Cycle Experiment (GEWEX) Cloud System Study (GCSS) is to develop better cloud-resolving models for each cloud system type to improve the understanding of the climatic effects of clouds [Randall et al., 2003] . Such development requires evaluation of the models against observations. For the simulation of small trade wind cumuli, the GCSS has recently incorporated observations from the Rain In Cumulus over the Ocean (RICO) experiment [Rauber et al., 2007] . Recently, Zhao and Di Girolamo [2007] have analyzed Advanced Spaceborne Thermal Emission Reflection Radiometer (ASTER) data onboard the EOS -Terra spacecraft [Abrams, 2000] at the original 15 m pixel resolution over a domain size of 60 km Â 60 km to generate robust statistics of cumuli macrophysical properties, such as cloud fraction, size distribution, morphology, cloud top height and spatial distribution, over the tropical western Atlantic as part of RICO. However, are these statistics appropriate for evaluating models run at different resolutions and domain sizes?
[3] It has long been recognized that the statistics of cloud macrophysical properties do depend on the observing scales [e.g., Falls, 1974] . Thus, a proper comparison between modeled and observed clouds requires similar scales between model and observation. Unfortunately, as recently pointed out by Weare [2004] , mismatches in scale between model and observation continue to cause difficulties in evaluating models. For example, reported discrepancies between modeled and observed cloud macrophysical properties [e.g., Blossey et al., 2007; Zhang et al., 1999; Fouilloux and Iaquinta, 1997; Haskins et al., 1995; Wetzel and Bates, 1995] (to name just a few), of which cloud fraction tends be the most examined, may in part be due to their differing scales.
[4] To better understand the effects of scale on the statistics of cloud macrophysical properties, and to better facilitate the comparison between cloud resolving models and RICO observations, the ASTER-derived cloud statistics of Zhao and Di Girolamo [2007] are presented here as a function of domain and pixel size. We chose simply to present the cloud macrophysical statistics as a function of domain size and pixel size, rather than to pursue methods of analysis that seek scale invariant relationships [e.g., Lovejoy and Schertzer, 1990] largely because many studies suggest that fields of small cumuli do not necessarily exhibit scale invariance over the scales examined in our study [e.g., Gabriel et al., 1988; Barker and Davies, 1992; Wielicki and Parker, 1992; Feijt and Jonker, 2000] .
Methodology
[5] Zhao and Di Girolamo [2007] have presented the statistics of cumuli macrophysical properties over the tropical western Atlantic Ocean (12°-20°N, 55°-66°W) for the time period between September and December 2004 to overlap with the RICO experiment. Complete details of the data and methodology to generate the cloud macrophysical properties are discussed in that paper. In brief, 152 ASTER scenes, each 60 km Â 60 km, were collected and a cloud mask was derived for each scene at the original 15 m resolution of the data. CF was defined as the ratio of total number of cloudy pixels to total number of pixels within an ASTER scene. Other cloud macrophysical properties (e.g., size and spatial distribution) required the identification of individual clouds: two cloudy pixels sharing one edge, but not one vortex, belonged to same cloud. Our study, as an extension of Zhao and Di Girolamo [2007] , started with their cloud masks of the 152 ASTER scenes, and defines individual clouds in the same manner.
[6] To study the effect of the domain size on statistics of cloud macrophysical properties, each original 60 km Â 60 km scene was horizontally and vertically divided equally by a factor of 2, 3, 4, 6, 12 and 20 to recalculate the cloud statistics at six domain sizes, $30 km Â 30 km, 20 km Â 20 km, 15 km Â 15 km, 10 km Â 10 km, 5 km Â 5 km and 3 km Â 3 km. The effect of pixel resolution on the statistics was studied by degrading the pixel resolution from the original 15 m to $1 km, at each 15 m interval. During the degradation, the entire degraded coarser pixel is considered cloudy, if any single original 15 m pixel within the degraded pixel is found to be cloudy. This is consistent with a cloud resolving model's definition of cloud, in that any condensate in a model pixel is spread horizontally over the entire pixel. Further discussion on this point is given in section 4.
Results and Discussion

Cloud Fraction Distribution
[7] Cloud fraction (CF) is defined as the fraction of pixels labeled as cloudy divided by the total number of pixels. CF is found to be strongly affected by the degradation of pixel resolution, as first studied by Shenk and Salomonson [1972] . The mean CF, CF, for all 152 ASTER scenes at 15 m pixel resolution was 0.086 ± 0.07 (mean ± standard deviation), which continuously increases to 0.372 ± 0.16, as the resolution degrades from 15 m to 1 km (Figure 1 ). The increase in cloud fraction with coarser resolution is a consequence of partly cloudy coarse resolution pixels being labeled as ''cloudy.'' The domain size has no impact on CF, since the mean depends on the total number of pixels over all scenes, which is conserved when the scenes are divided into smaller domains. However, the domain size does impact the distribution of CF, where individual CF is calculated over individual scene domains. For example, histograms of CF at four observational domain sizes and 15-m pixel resolution are shown in Figure 2 . As the domain size reduces, the frequency of CF higher than 0.4 and CF less than 0.05 increases. As the domain size reduces, the probability that it will be cloudier or clearer increases, as first described by Falls [1974] . This would continue if the domain were reduced to the size of a single pixel (15 m in this example), where the CF distribution would contain CF observations of only 0% cloudy (with a normalized frequency of 0.914 at 15 m resolution) or 100% cloudy (with a normalized frequency of 0.086 at 15 m resolution).
[8] The combined effect of domain size and pixel resolution on the frequency distribution of CF can be observed from Figure 3 . Note that the values of the normalized frequencies are plotted in log scale for better visualization over a wide range of values. CF increases with coarser pixel resolution, but the frequency distribution becomes more uniform with reduced absolute value of the peak of the distribution. The peak of the frequency distribution also shifts toward larger CF at 60 km Â 60 km domain. The pattern of the variation is not similar for the smaller domain sizes, where the peak of the distribution remains at CF < 0.05 throughout all the pixel resolution, but shows a decreasing trend with coarser pixel resolution. Here, for all domain sizes less than 30 km Â 30 km, the shifting of the peak of the distribution toward higher CF value due to pixel effect is over compensated by the increasing frequency of CF less than 0.05 due to domain effect.
Cloud Size Distribution
[9] The cloud size distribution, representing the fraction of total clouds within a finite size range, varies with pixel resolution. Cloud size is represented as the area-equivalent diameter of a cloud. Figure 4 shows the size distribution of clouds calculated using the 15 m resolution data, for a variety of domain sizes. Reduction of the domain of the observed cloud field may result in partitioning of a single cloud into several smaller clouds, if that particular cloud crosses the subdomain boundaries. In practice, the number of clouds being partitioned at subdomain boundaries is the only factor in determining the effect of domain size on size distribution. From Figure 4 , which shows the size distribution of clouds calculated using the 15 m resolution data for a variety of domain sizes, we see almost similar cloud size distribution for various domains (see inset of Figure 4 for clouds smaller than 1 km). The cloud size distribution may be represented in power law form (see equation (1) and discussion thereafter in the work of Zhao and Di Girolamo [2007] ), with l representing the slope of a line fitted to the data on Figure 4 . Zhao and Di Girolamo [2007] have shown that a single least squares fit gives l = 2.85 at 60 km Â 60 km domain. l reduces marginally from 2.85 at 60 km Â 60 km to 2.75 at 10 km Â 10 km domain. This shows that the domain size ranging between 60 km Â 60 km and 10 km Â 10 km has little effect on cloud size distribution, as evident from Figure 4 . This is because the fraction of the clouds being chopped at subdomain boundaries is not significant. We observed that the domain effect is larger for large (>1 km) clouds than for small (<1 km) clouds. This is because the partition is more probable for larger clouds than smaller clouds. l drops at a much higher rate to 2.49 and 2.29 at 5 km Â 5 km and 3 km Â 3 km domains, respectively, because the fraction of clouds being chopped is much higher at these small domains than the 60 km Â 60 km to 10 km Â 10 km domains.
[10] On the other hand, the effect of degrading the pixel resolution is strong on the cloud size distribution, because there is a greater probability that two or more small individual clouds observed at high pixel resolution get amalgamated into a single larger cloud observed at coarse resolution. For example, Figure 5 shows the mean number of clouds per 60 km Â 60 km domain as a function of pixel resolution. The mean (±standard deviation) number of clouds reduces from 5590.9 ± 3038.7 at 15 m pixel resolution to 208.3 ± 72.5 at $1 km pixel resolution. The largest change in the number of clouds occurs over small changes in pixel size at small pixel sizes. For example, the mean number of clouds per scene is reduced by $50% when pixel resolution changes from 15 m to 60 m. The inset on Figure 5 shows the data on a log-log plot, revealing a break around 500 m in the scaling for a power law.
[11] Figure 6 shows the normalized frequency distribution of cloud equivalent diameter as a function of pixel resolution for 60 km Â 60 km and 15 km Â 15 km domains. At the coarser pixel resolution, the peak of the size distribution (i.e., the highest frequency indicated by red color) shifts toward higher cloud equivalent diameter due to the amalgamation of many smaller clouds observed at high resolution into fewer larger clouds observed at coarse resolution. The peak frequency value of the cloud size distribution diminishes from $80% at 15 m resolution to $12% at 1 km resolution. At a smaller domain size of 15 km Â 15 km, the general trend remains similar, but with increasing cloud size at coarser pixel resolution, the probability of partitioning of clouds into smaller clouds becomes higher, leading to a slight shift of the peaks toward smaller size.
[12] The cloud size distribution in Figure 6 is plotted as a cumulative distribution in Figure 7 out to the point where the 50% cloud fraction mark is reached. For example, Figure 7 shows that half the total CF is contributed by clouds smaller than 2 km diameter when measured at a pixel resolution of $240 m and $420 m for the 60 km Â 60 km and 15 Â 15 km domains, respectively. Again, the combined domain and pixel scale effects reveal that the variation of the cumulative distribution with pixel resolution for smaller domain size is similar to the variation at larger domain size, but due to the larger influence of the domain effect over the pixel effect, the contribution of smaller clouds to the CF distribution is very high. For example, at 15 km Â 15 km domain, more than half of the CF is contributed by clouds smaller than 3 km diameter for all pixel resolutions examined.
Cloud Spatial Distribution
[13] Zhao and Di Girolamo [2007] calculated the nearest neighbor distance (NND) between clouds as a measure of cloud spatial distribution, since it is easily calculated and compared with other observations. The NND between two individual clouds is calculated as the Euclidian distance between their mass centers. Figure 8 shows the NND distribution at seven domain sizes calculated at 15 m pixel resolution with 25 m bin width. The peak in the histograms of the cloud spatial distribution occurs around 50 m for all domains. The frequency of the first bin increases and that of the rest of the bins reduces when the domain size becomes smaller. The domain size has little impact on the frequency distributions of NND for NND greater than 300 m, because only $2% clouds are distributed at more than 300 m in NND. The probability of finding larger NND decreases at smaller domains, but the change in the NND distribution depends on how the mass centers shift with a change in domain size, which in turn depends on the size and location of individual clouds.
[14] The effect of the pixel resolution on the normalized distribution of NND at 60 km Â 60 km and 15 km Â 15 km domains is shown in Figure 9 . Note that the minimum NND possible at any resolution 'p' is ffiffiffiffiffiffiffi 2p 2 p , hence the normalized frequency less than this is zero (black color in Figure 9 ). The peak of the normalized distribution of NND becomes wider and shifts toward larger NND with coarser resolution due to an increase in cloud size at coarser resolution. Figure 9 also shows that the distribution of NND becomes noisier with coarser resolution. However, this is a sampling artifact caused by the decreasing number of clouds (see Figure 5 ) used to construct the NND distribution.
[15] Zhao and Di Girolamo [2007] had also calculated the normalized distribution of the ratio of NND and cloud equivalent radius revealing that, at the original 60 km Â 60 km domain and 15 m pixels, $75% of clouds have nearest neighbors within a distance of 10 times their radius. By varying the domain size, we note that this value drops only to $72% at 3 km Â 3 km domains. Since reducing domain size reduces both the NND distribution and the size of clouds, the NND/radius ratio's sensitivity to domain size is small. Instead, this ratio is much more sensitive to pixel resolution, where $90% of clouds are found to be distributed within a distance of 10 times their cloud equivalent radius at resolutions coarser than 350 m (not shown in Figure 9 ).
Summary and Conclusions
[16] In order to better understand the impact of domain size and pixel resolution on the statistics of cloud macrophysical properties, and to facilitate comparisons between cloud resolving models and observations from the RICO experiment, we recast the statistics of trade wind cumuli reported by Zhao and Di Girolamo [2007] as a function of domain size and pixel resolution. The statistics were derived from the same 152 ASTER scenes observing the tropical western Atlantic during September -December 2004 used by Zhao and Di Girolamo [2007] . As pixel resolution is degraded, the entire degraded coarser pixel is considered cloudy, if any single original 15 m pixel within the degraded pixel is found to be cloudy. This is consistent with a cloud resolving model's definition of cloud, in that any condensate in a model pixel is spread horizontally over the entire pixel. Based on this definition for cloud, the effects of changing pixel resolution and domain size on the statistics of cloud macrophysical properties are summarized qualitatively in Figure 10 . The cloud statistics change with domain size because as the domain size becomes smaller, (1) the probability of chopping clouds by the domain boundaries into smaller clouds increases, and (2) the probability of having cloudier and clearer domains increases. In addition, degrading pixel resolution results in (1) an amalgamation of smaller clouds into larger clouds, and (2) an increase in the frequency of partially filled cloudy pixels. As a result, increasing the domain size reduces the probability of finding very low or very high cloud fraction domains, but increases the probability of finding larger cloud sizes and larger nearest-neighbor distances, whereas decreasing the pixel resolution results in larger cloud fractions and larger cloud sizes, but nearest-neighbor distances may increase or decrease depending on the locations and sizes of the clouds.
[17] Quantitatively, all cloud properties examined here show significant changes with domain and pixel size compared to the cloud statistics shown by Zhao and Di Girolamo [2007] , which were derived at the original 60 km Â 60 km domain and 15 m pixel resolution of the ASTER data. The quantitative cloud statistics as a function domain size and pixel resolution given in Figures 1-9 demonstrate the importance in matching scales when comparing model results with the satellite observations, satellite observations with observations from other instruments taken over different scales, or model results with other model results generated at different scales. By ignoring domain and pixel scales in the comparison of cloud statistics derived from two data sets, one runs the risk at misinterpreting differences in cloud statistics as an artifact in the quality of the data sets.
[18] Figures 1 -9 should also prove useful in evaluating cloud resolving models attempting to simulate trade wind cumuli sampled during RICO. However, they should not be misconstrued as appropriate cloud statistics for climate models that define, say, cloud fraction within a grid scale through a prognostic scheme rather than the fraction of high-resolution cloudy pixels over a domain. Indeed, comparing cloud statistics between fine and coarse resolution models also need to consider scale and their respective definitions of cloud properties, such as cloud fraction. In addition, when comparing cloud macrophysical properties derived from fine or coarse resolution models with observations derived from coarser resolution instruments, additional complications stem from the quality and purpose of the cloud masks and the true underlying spatial distribution of the clouds. We point to Zhao and Di Girolamo [2006] for recent results and discussion on this last point.
